ABSTRACT: Hydrogen atoms on a silicon surface, H−Si (100), behave as a resist that can be patterned with perfect atomic precision using a scanning tunneling microscope. When a hydrogen atom is removed in this manner, the underlying silicon presents a chemically active site, commonly referred to as a dangling bond. It has been predicted that individual dangling bonds function as artificial atoms, which, if grouped together, can form designer molecules on the H−Si (100) surface. Here, we present an artificial ring structure molecule spanning three dimer rows, constructed from dangling bonds, and verified by spectroscopic measurement of its molecular orbitals. We found that removing 8 hydrogen atoms resulted in a molecular analog to 1,4-disilylene-hexasilabenzene (Si 8 H 8 ). Scanning tunneling spectroscopic measurements reveal molecular π and π* orbitals that agree with those expected for the same molecule in a vacuum; this is validated by density functional theory calculations of the dangling bond system on a silicon slab that show direct links both to the experimental results and to calculations for the isolated molecule. We believe the unique electronic structure of artificial molecules constructed in this manner can be engineered to enable future molecule-based electronics, surface catalytic functionality, and templating for subsequent siteselective deposition.
W ithin the discipline of chemistry, it is well-understood that the wave functions of electrons bound to nuclei determine the chemical characteristics of atomic and molecular species. In this context, we define an artificial molecule (AM) as a system whose local electronic structure has been engineered to emulate molecular electronic orbitals. Coupled quantum dots 1 as well as collections of superconducting circuits 2 both meet this criterion and indeed have been referred to as AMs. An alternative system that has also been described as an AM is based on colloidal particles arranged with various geometries and compositions 3, 4 but does not meet the criterion of producing a molecular electronic structure. The colloidal particles do, however, demonstrate an aspect of real molecules that has not, to date, been reproduced by the other approaches: functionality derived from complex geometrical arrangement of constituent "atoms."
Scanning tunneling microscope (STM)-based hydrogen lithography 5−7 offers the flexibility necessary to create an atom-sized quantum dot in the form of a dangling bond deterministically at any lattice point in the 2D plane of the H− Si (100) surface. 8 Preliminary support for treating collections of dangling bonds as AMs has been demonstrated by controlled construction of linear chains of dangling bonds, 9, 10 which have shown agreement with models of sequential potential wells, and some argument has been put forth that similar dangling bond chains are akin to linear molecules. 11−13 While the language of AMs has been used to describe these systems, an unambiguous demonstration of a dangling-bond-based molecular analogue has yet to be reported, and only minimal evidence has been put forward that such structures can be extended across dimer rows into the 2D plane of the surface (an on/off switching device has been constructed out of three single dangling bonds spanning two dimer rows, 14 although an analysis as to what degree an AM analogy is appropriate was not pursued by the authors). Using hydrogen lithography, we have constructed an AM that both meets the electronic structure definition and demonstrates a nontrivial geometry: a cyclic atomic configuration spanning three dimer rows. Our constructed AM has an electronic structure exhibiting strong similarity to that of the Si 8 H 8 molecule (Figure 1a ,b) and is artificial in both its construction from dangling bonds ( Figure 1c ) and its scale, which is larger by a factor of 2 in comparison to the equivalent gas-phase molecule. STM images reveal filled electronic states ( Figure 1d ) and empty states (Figure 1e ) that visually resemble the squared amplitude of the Si 8 H 8 frontier orbitals: the highest occupied molecular orbital (HOMO) and the lowest unoccupied molecular orbital (LUMO), as depicted in Figure 1b . The left−right asymmetry seen in the HOMO and LUMO is due to the chair conformation of Si 8 H 8 as determined by density functional theory (DFT) relaxation of the atomic positions. This asymmetry is not apparent in the STM images; however, it is present, and the symmetric appearance is due to vertical buckling of the underlying silicon dimers at rates faster than is detectable by the experimental setup for some biases and tip-induced buckling for others. 15−17 The AM was fabricated ( Figure 2 ) using feedback-controlled lithography (FCL). 18 This technique enables the precise removal of H atoms from the surface by careful monitoring of the sample's local electronic structure as electrons are injected from the tip into the surface (Figure 2a ). At the voltages used, this process results in vibrational heating of the Si−H bond until H atom desorption occurs. 7 When the depassivation event is detected, the energy and current of the Construction of an AM on the passivated Si surface using FCL. (a) Representative graphs of the feedback, z, signal during the FCL procedure used at each step of molecule construction. The STM tip is positioned in the middle of a dimer, as illustrated in the schematic at right. The top graph is indicative of the feedback and depassivation event associated with removal of one or two hydrogen atoms on a dimer that was previously fully passivated. The bottom graph depicts the feedback and depassivation event associated with removal of the second H atom of a dimer after the first had been removed by a previous FCL step. Feedback is maintained during the entire procedure so that the measured z signal will be indicative of depassivation events, as illustrated (orange). The schematic at right shows the tip positions (red circles) and the order of H atom removals for each of the numbered steps shown in panel b. Control signal ramps are indicated by the red and blue regions for tunnel current ramps and sample bias ramps, respectively. The bias ramp is allowed to go as high as 2.5 V but will be cut off prematurely when a depassivation event is detected. All control signal ramps are linear. (b) STM topography images (2.8 nm × 2.8 nm) of the step-by-step construction of an artificial molecule. Red circles indicate the position of the STM tip in each FCL step. STM imaging conditions are +2 V sample bias and 30 pA current set point.
incoming electrons are reduced to avoid removal of neighboring H atoms. In contrast to previous implementations of FCL, which typically aim to remove only one H atom from a dimer, our implementation (see the details of the experimental methods) is optimized to ensure full depassivation of each of the four dimers indicated by the red circles in the schematic of Figure 2a . In the example shown (Figure 2b ), H atoms were removed in the order specified by the numbers placed on H atoms in Figure 2a , with each number corresponding to a single depassivation event. In events 5 and 6, a pair of H atoms were removed simultaneously.
Once an AM has been built, it can then be characterized in situ using filled and empty-state imaging (Figure 1d ,e) as well as scanning tunneling spectroscopy (Figures 3 and 4a,b) . The differential conductance maps of Figure 3 show tip-induced charging 19, 20 for a single depassivated dimer (Figure 3a ,b) and for an AM (Figure 3c,d ). The appearance of multiple rings around the AM is reminiscent of the lateral Friedel oscillations of the surface state that have been observed for molecules and other defects on metals; 21−23 however, given that clear charging behavior is already present for the lone depassivated dimer as well as the same trend in radius dependence on sample bias, we interpret the appearance of multiple rings around the AM as relating to multiple ionizations.
The point spectra of Figure 4a were acquired at positions indicated by the triangle and circle symbols on the inset. Both the large peak and the negative differential conductance (NDC) minimum at negative sample bias of the blue (triangle) spectrum are related to electrons tunneling from the HOMO states into the STM tip. In contrast, the red (circle) spectrum shows no negative differential conductance, and the peak at negative sample bias is significantly reduced in magnitude. The set of peaks at positive bias is indicative of electrons tunneling out of the STM tip and into LUMO states of the AM. The scans in the bottom panels of Figure 4b show the spatial intensity variation of the differential conductance measured at fixed sample biases that correspond to the energies of the NDC minimum and the HOMO and LUMO peaks. From these maps, it is quite clear that the negative differential conductance has the same geometry as the HOMO.
To the first order, the differential conductance spectrum is proportional to the sample local density of states (LDOS) at the coordinates of the STM tip. 24 In a low density of states material such as H−Si (100), the LDOS is highly susceptible to perturbation from the STM tip potential and must be considered. For the system under study, we identify tipinduced charging of the AM, and current-induced buckling of the bare Si dimers as necessary components in modeling the measured spectrum. We find the latter to be the dominant effect with regards to the appearance of NDC, though the former has also been shown to play a role in dangling bonds 25 and is believed to be present in the system under study ( Figure  3 ). Engelund et al. 17 showed that, in simulated STM images, the "butterfly-like" appearance of a depassivated Si dimer (see second panel of Figure 2b ) is well-reproduced by assuming the underlying Si dimer buckles in a manner that minimizes the STM tunnel current, while at some lower bias, the system should transition to a regime in which the dimer is better modeled by a thermal average of buckled states. Taking these effects into account is sufficient to enable a DFT slab-based model (top center schematic of Figure 4c ) to reproduce the STM topography images (insets of Figure 1d ,e), the point spectra (vertically offset curves of Figure 4a ), and the differential conductance maps (top panels of Figure 4b ).
Having established the slab-based model as a reasonable fit to the experimental measurements, we now verify that the electronic structure exposed at the surface represents molecular orbitals. Figure 4c is a molecular orbital (MO) diagram that shows which states of the AM system (center) are derived from a precursor system consisting of only two depassivated dimers (left), in comparison with which states of the AM system show significant similarity with states from an isolated Si 8 H 8 system (right). The HOMO-and LUMO-derived states in the slab-based system are labeled as H1 and H2 and as L1 and L2, respectively; derivation from the HOMO and LUMO is illustrated by the colored links drawn between the two sets of states on the right half of Figure 4c . Determination of whether a link between states can be drawn is based on the calculated degree of overlap between the two states (see the Supporting Information). H1 and H2 additionally show some overlap with the HOMO-2 state of the Si 8 H 8 system, meaning that they are most accurately described as being linear combinations of the HOMO and HOMO-2 states; in combination with the splitting of both HOMO (into H1 and H2) and LUMO (into L1 and L2) states, this suggests some degree of hybridization of the AM with the underlying substrate. A more-nuanced interpretation of the AM is, Similar behavior is seen in a charging ring surrounding an AM, indicating charging behavior at positive sample bias. All differential conductance maps shown here were taken in constant current mode; the dark appearance of both the depassivated dimer and the AM in these images is due to the influence of tip height variations on the differential conductance signal and are the reason for the preferred use of constant-height-mode differential conductance maps in Figure 4. therefore, that it is an adsorbed AM rather than a molecule perfectly isolated in vacuum.
While the above MO analysis establishes reasonable similarity between the constructed AM and an isolated Si 8 H 8 molecule, the individual dimers on an unpassivated Si (100) surface are known to form occupied π and unoccupied π* bands, 26, 27 and it is important to consider that if the four sites are not coupled, the depassivation pattern might still produce similar STM images and states that show reasonable overlap with the isolated molecule states without being true molecular orbitals. It is therefore necessary to investigate whether the π and π* states of the four depassivated sites are truly conjugated or whether they are independent of one another. We present two complementary analyses: the first is illustrated in the left half of Figure 4c , and the second is illustrated in Figure 4d . If the four depassivated dimer sites are decoupled, then the states in the full AM system should be no different than those of an isolated depassivated dimer system or, as shown in Figure 4c (left), a system of two isolated dimers. It is clear from the MO diagram that the completion of the central ring introduces significant splitting, particularly with regards to generation of the L1 and L2 states, verifying that the AM system is indeed conjugated. Additional analysis highlighting the role of interactions of depassivated dimers with one another across dimer rows can be found in the Supporting Information, along with a comparison between the states of the fully depassivated Si (100) surface and those of the AM (Figure S3 ), which further demonstrate the molecular nature of the dangling bond system. show the configuration at a separation fraction of 1, which is defined to be the fully interpolated system. The graph of L1 stops at a separation fraction of 0.5 as a result of the LUMO becoming filled. While the preferred separation between dimer pairs in the isolated molecule depends on which orbital is considered, the fact that the overlaps peak by a separation fraction of 0.15 demonstrates that the bound molecule is a better description for the AM than an isolated set of dimers would be.
In the second, complementary analysis of the bonding behavior, we use the molecular analog (Si 8 H 8 ) as a means to demonstrate that the frontier orbitals of the AM are fundamentally different from those of an unconjugated Si 8 H 8 molecule, while at the same time, they show significant similarity to the geometrically optimized (and, therefore, conjugated) Si 8 H 8 molecule. We calculate the overlaps (HOMO to H1 and LUMO to L1) as a function of increasing dimer separation (Figure 4d) . The Si dimers, terminated with H atoms in the same manner as the Si 8 H 8 molecule, are interpolated from their original Si 8 H 8 positions to the locations that each Si atom would hold in the slab-based system; because the dimers of Si 8 H 8 are in vacuum, they become truly isolated from one another when separated to this degree. The trend of decreasing overlap with increasing separation indicates that the AM is a better representation for the molecule (low separation fraction) than for a set of isolated dimers (high separation fraction). The optimum configuration of L1 lies closer to a separation fraction of 0.15 but otherwise shows the same trend as H1.
In summary, we have exploited the customizable nature of the H−Si (100) surface to create artificial molecular orbitals. This is verified by in situ electronic structure measurements and DFT modeling. By virtue of comparison to the Si 8 H 8 molecule, there is clear evidence that the frontier orbitals of the AM constitute a cyclic conjugated π system and therefore establish dangling-bond-based AMs as analogues to more traditionally synthesized molecules. What is particularly interesting about the cyclic Si 8 H 8 AM is that it exhibits delocalized π bonding akin to what is expected for the 2-D material silicene, which itself has a similar electronic structure to graphene. We therefore expect that our AM can be used as a building block for artificial silicene devices of arbitrary shapes and sizes, with the interesting property that their honeycomb structure is twice the size of real silicene. Another practical application is the use of AMs as designer potential wells for precision doping of silicon. More generally, AMs can generate desired chemical behavior on the Si surface localized to regions where the STM has patterned them.
Sample Preparation. The H−Si (100) surface was prepared from a p type degenerately boron doped silicon chip (3 × 10 18 cm −3 doping density), 4 mm × 10 mm × 300 μm. After standard chemical cleaning (Base Piranha followed by RCA-1 and RCA-2), the sample was inserted into an ultrahigh-vacuum (UHV) prep chamber with a base pressure of 7 × 10 −11 mbar (7 × 10 −9 Pa), then degassed at 600°C for 12 h using direct current heating, followed by flash annealing at 1200°C (30 s, then 10 s, then 5 s). The sample was then passivated at 350°C by leaking H 2 gas into the UHV chamber up to 2.8 × 10 −6 mbar (2.8 × 10 −4 Pa) for 20 min, using a W filament placed in line-of-sight to the Si surface to crack the H 2 (7 W, 0.7 A). Once chamber pressure fell below 7 × 10 −10 mbar (7 × 10 −8 Pa), the sample was transferred to a second UHV chamber with a base pressure of 1.3 × 10 −11 mbar (1.3 × 10 −9 Pa) for STM. Tip Preparation. The tip was prepared by electrochemically etching a polycrystalline tungsten wire. The end of the tungsten wire was partially submerged in a 1 M solution of KOH while a DC voltage was applied. The voltage was turned off when a current drop (due to removal of the end of the tip) was detected. The tip was then cleaned in situ by annealing to approximately 1000°C for several hours before use. STM Setup. All lithography and measurements were performed on a Scienta Omicron LT STM at a temperature of 4.5 K. (Certain commercial equipment, instruments, or materials are identified in this paper to foster understanding. Such identification does not imply recommendation or endorsement by the national institute of standards and technology, nor does it imply that the materials or equipment identified are necessarily the best available for the purpose.) The sample is grounded while the bias is applied to the tip; by convention, all biases quoted in this work are the sample bias (i.e., opposite of the applied bias). Differential conductance was measured using a lock-in amplifier, applying an additive sample bias modulation of 20 mV RMS at 950 Hz with a time constant of 200 ms, and recording of the first harmonic of the current signal.
Experimental Details. All STM imaging scans were performed in closed-loop feedback conditions to maintain a constant current of I = 30 pA. The differential conductance measurements of Figure 3 were acquired with feedback turned on (closed-loop conditions). All other differential conductance measurements (point spectra as well as maps) were acquired with feedback turned off (open-loop) to ensure constant height separation between tip and sample. The tip height was set by positioning the tip away from the AM, on the H−Si (100) surface, and setting the sample bias (V b ) to 2 V and current (I) to 30 pA with feedback turned on. Then, before moving the tip and performing measurements, feedback was turned off. Tip motion during open-loop conditions included plane corrections to account for slight sample tilt.
Implementation of FCL. In our implementation, an STM tip is positioned above the H−Si (100) surface halfway between two H atoms of a Si dimer, as shown in the schematic of Figure 2a . The tunneling current set-point is then quickly ramped to 1.5 nA and the sample bias is slowly ramped to 2.5 V. Both ramps are linear. During all ramping operations, feedback control is applied to ensure that the current remains fixed at the set-point, which is achieved by moving the tip toward (decreasing z) or away from (increasing z) the surface if the measured tunnel current is too low or high, respectively. By monitoring the z signal, it is possible to detect a depassivation event in which either one or two hydrogen atoms become unbound and leave the surface. Such an event will appear as a sudden change in z whose direction depends on the initial state of the dimer. If the dimer is initially fully passivated, then z will increase (top graph of Figure 2a ) as a result of the sudden increase in the LDOS associated with the presence of a dangling bond. When the change in z is detected, the current and bias are ramped back to imaging conditions to avoid further depassivation. The depicted graph shows a case in which only one H atom is removed by the depassivation event, yielding the image in the first panel of Figure 2b . In this case, the STM tip is repositioned at the same location as before, and the current and bias ramps are repeated. When the second H atom is removed, z will decrease (bottom graph of Figure 2a) . A subsequent scan reveals the fully depassivated dimer structure shown in the second panel of Figure 2b .
DFT Calculations. Calculations were performed in GPAW 28−30 using the Perdew−Burke−Ernzerhof generalized gradient approximation 31, 32 for the exchange-correlation functional and a projector augmented wave basis with energy cutoff of 800 eV. Dimensions of the supercells for the slab-based and isolated molecule systems are shown at the top of Figure 4c . Slabs consisted of 8 monolayers (ML) of Si atoms ending in a positions and allowing all other atoms to relax, using a Γ centered k-point mesh of 8 × 4 × 1. The smaller slab was then copied laterally to generate the larger one. Dimer buckling coordinates for the AM slab-based system were determined similarly by constructing a slab consisting of 2 dimer rows and 2 dimers but lacking H termination on top and then allowing atoms to relax (after slight perturbations to the top layer atomic coordinates to break the symmetry) with a Γ centered k-point mesh of 4 × 2 × 1. This buckled c(4 × 2) configuration was then used to determine the vertical (and small lateral) offsets for buckled dimers in the larger slab-based systems, such as the configuration shown in the top center of Figure 4c . To simulate appropriate bond angles for the isolated molecule system, one additional H atom was placed on each Si atom already coordinated to at least one H, relaxation was performed, and then the additional H atoms were removed; this yielded an armchair configured molecule whose H atoms exist at bond angles similar to those of the slab-based system (note that H atoms, for the isolated molecule in such a configuration, are representative of the Si−Si bonds between the AM and the underlying slab). All large slab-based systems, as well as the isolated molecule, were calculated with a k-point mesh of the Γ point only. All relaxations were performed to a force cutoff of 0.05 eV/Å. STM Simulation and Molecular Orbital Analysis. Simulations were performed using the LDOS available from DFT slab calculations according to the Tersoff−Hamann approach 24 under the assumption of an s-wave tip while taking into account effects from dimer buckling. 17 Determination of the molecular orbital overlaps and generation of the molecular orbital diagram in Figure 4c ,d are based on calculation of the PAW overlaps between pairs of systems, following the prescription of previous work. 33 Additional details can be found in the Supporting Information.
The Supporting Information is available free of charge on the ACS Publications website at DOI: 10.1021/acs.nanolett.8b02919.
Additional materials providing details of the experiment and theoretical analysis, details about atomic configurations for DFT calculations, additional differential conductance maps and point spectra compared to the fit from DFT, an energy level diagram, and a under the assumption of an s-wave tip, STM tunnel current can be written as:
where the index runs over the set of N=16 possible buckled configurations ( Figure S1 ), the position vector is the location of the STM tip, ( ) is the Kohn-Sham energy as a function of the true state energy, E, e is the electron charge, E = 0 is taken to be the Fermi level of the sample, Vb is the sample bias, and LDOS is the local density of states as determined by density functional theory. Technically, the current is proportional, rather than equal, to the expression of equation (1), but we choose to define the quantity Ii with equality, and will introduce scale factors later. To reproduce broadening introduced by the experimental apparatus, the LDOS at each point in space was processed with a Gaussian filter with a cutoff radius of 3 Å laterally, and 0.09 eV in Kohn-Sham energy, and σ of 1.5 Å and 0.045 eV, respectively. Energy mapping between experiment and DFT is complicated by two factors: 1) the Kohn-Sham energies from DFT do not represent true orbital energies but have been empirically shown to match if scaled appropriately, 2 and 2) the low LDOS at the Si surface renders the local electronic structure highly susceptible to tip-induced band bending (or gating). We address both effects by allowing for linear scaling of energies,
where m and b are slope and y-intercept and the ± subscript indicates a different slope and yintercept for positive and negative sample bias polarities; this is justified by the observation that S3 at positive sample bias the AM becomes charged (Figure 3c ,d of the main text), resulting in increased partial pinning of the Fermi level (and therefore a reduction in tip-induced band bending). Additional fit parameters are introduced by the need to model two regimes of dimer buckling: thermally averaged buckling, and current-induced. 3 Switching between the two regimes is modeled using Fermi-Dirac-like functions:
where 0± are the biases at which the transition from one regime to another occurs, and ± allow for broadening of the transition region (here, e is Euler's number rather than the electron charge).
The overall equations for the simulated tunnel current are given by
, and (5)
The scale factors ± and ± allow for variation in tunnel coupling for the two regimes and at the two bias polarities, and account for the use of equality in equation (1) .
The simulated STM images (insets of Figure 1d ,e of the main text) were calculated first and required only a subset of the fitting parameters defined above. The scans were simulated as surfaces of constant ( ) or ( ) under the assumption that the transition between the two regimes does not occur at the chosen bias. Generating scans whose LDOS, equation (1) The large number of fitting parameters (12 total), though physically justified, raises the risk of producing a successful fit despite an incorrect model. We address this by only fitting to a small subset of the data collected, and then verifying that the resultant function shows reasonable agreement to all of the collected data. The numerical derivative with respect to bias of equation (4) was least-squares fit to the blue (triangle) spectrum of Figure 4a , producing the results listed in Table S1 . Despite having been fit only to one point spectrum, the simulated curves for the other point spectra as well as the differential conductance maps ( Figure S2 ) are all in agreement.
Additionally, the fit values of ± and ± are consistent with the values of ± independently determined from the topography scans (e.g., + + + + = 2 within uncertainty). The fit value of save-/save+ is indistinguishable from 0 (within uncertainty), which we interpret as meaning that, at positive sample bias, there is no transition between tip-induced buckling and thermal buckling; there is only tip-induced buckling. This is consistent with the description proposed by Engelund et al. for a fully depassivated dimer 3 in which only one such transition occurs over the full range of biases. Though their expectation was that such a transition should occur at a small positive bias, for the AM system we find it to occur at a small negative sample bias (V0-= -0.69 ± 0.07 eV).
S5
Molecular orbital analysis. To efficiently calculate molecular orbital overlaps we employ a previously described procedure 4 in which, for a pair of systems, system 1 and system 2,
we define the quantity
where
The quantity is an approximation for the degree of overlap of the m th state from system 1 (| 1 ⟩) with the n th state from system 2 (| 2 ⟩); note that superscripts of terms inside of bra-kets are indexes, rather than exponents. The denominator of equation (7) is chosen as a normalization constant such that if a system is compared to itself, then the quantity ∑ = ∑ = 1;
that is, a state projected onto itself yields unity. The sums are performed over atoms, a, and partial wave indexes, i (e.g. s, p, and d partial waves, though in order to isolate the electronic density above the surface, only pz overlaps are used for generation of the MO diagram in the present case, and only states with appreciable density at or above the surface are included in the analysis). The |̃⟩ functions are the PAW projector functions, 5, 6 centered at each atom, a. The tildes "~" of equation (8) indicate that the wavefunctions used on the right-hand side (RHS) are the pseudo wave functions, as defined by Blöchl. 5 Use of the vertical ellipsis "⋮" is meant to highlight the fact that the quantity defined in equation (8) is not the full projection ⟨ 1 | 2 ⟩, but rather a projection within the PAW spheres of each of the summed-over atoms.
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In this scheme, it is therefore necessary to define a mapping from the atoms of system 1 to those of system 2 that are meant to be considered equivalent for the purpose of calculating overlaps ( Figure S1b ). Calculating overlaps in this manner allows us to circumvent the inherent difficulty in defining the overlap of MOs from the AM system that are delocalized over a larger spatial scale with the MOs of the isolated molecule system. (right-most states) shows that while states from either system can be identified as being derived from those of the other, they are not equivalent, suggesting that confinement to the geometry of the AM has changed the character of the Si (100) surface states. S10 Table S1 . Spectroscopy fit results. 
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